Measurements of soluble iron species (organic and inorganic) are important for understanding the transport of iron within the ocean and its bioavailability. Recent developments in ultrafiltration equipment and analytical detection techniques for low level Fe determination has turned the spotlight on obtaining data on soluble iron species. However there have, until now, been few studies that have characterized the performance of an ultrafiltration system with respect to well described soluble iron complexes. In the present work, we describe a methodological study characterizing the behavior of soluble and colloidal iron species in seawater by combining a crossflow ultrafiltration system (Vivaflow 50 TM ) with a radioisotope ( 55 Fe). During this study, we were able to maintain excellent mass balances by including all components: not only the solution phases (retentate and permeate) but wall-adsorbed and filter-adsorbed iron, which were recovered by an acid-rinsing step. Wall and filter adsorption were unavoidable when solutions were saturated with respect to Fe'. However in undersaturated solutions, such as with an excess of desferrioxamine B, wall and filter adsorption were minimized, indicating that these effects should be slight for natural samples where iron-binding ligands are in excess. Our results have important implications for the use of ultrafiltration membranes for open ocean iron biogeochemical studies.
Introduction
It is now widely accepted that in large parts of the ocean, principally the high nutrient, low chlorophyll (HNLC) regions, phytoplankton growth is limited by the low availability of iron (Boyd et al. 2007; Martin et al. 1994) . The main controlling factor on iron (Fe) concentrations in the ocean is its solubility, as in ambient oxygenated seawater the thermodynamically favored redox state, Fe(III) is poorly soluble (20-500 pmol L -1 ) (Liu and Millero 1999) . Measurements of the physical speciation of Fe in seawater are traditionally operationally defined by the filtration system used by the researchers: dissolved (<0.2 or 0.4 μm) and particulate (>0.2 or 0.4 μm) phases. More recent work has further divided the dissolved phases into soluble (<10 kDa or <200 kDa) and colloidal (10-200 kDa to 0.2 μm) components (Bergquist et al. 2007; Cullen et al. 2006; Nishioka et al. 2005; Wu et al. 2001) . The colloidal phase in the productive zones of the open ocean is dominated by organic colloidal aggregates (5-200 nm), which may provide numerous binding sites for trace metals such as Fe (Wells and Goldberg 1993, 1994) . It is also likely that considerable differences exist in the bioavailability of soluble versus colloidal Fe (Wang and Dei 2003) , and so to truly understand Fe as a limiting nutrient in the ocean, the relationship between dissolved Fe and Fe solubility needs to be better understood.
Both soluble and colloidal Fe in the oceans are derived from the impact of terrigenous materials to the global ocean via aeolian deposition (Jickells et al. 2005) , riverine inputs (Bergquist and Boyle 2006; Buck et al. 2007; Gaiero et al. 2003) , or resuspension of material from continental shelf sediments (Eldridge et al. 2004; Johnson et al. 1999) . The amount of dissolvable Fe in aeolian transported materials varies greatly, ranging anywhere from 2% to 20% for direct measurements (Baker and Jickells 2006; Baker et al. 2006) whereas indirect estimates for the Pacfic are higher at ~40% (Boyle et al. 2005) . The amount of dissolved Fe (Allard et al. 2004; de Baar and de Jong 2001) carried by rivers varies strongly and is influenced by pH, catchment area, and vegetation cover. Much of the river transported soluble Fe in estuaries, however, is quickly converted, at higher salinity values, into the biologically unavailable colloidal and particulate phase (Boyle et al. 1977; Guieu et al. 1996) .
As shown in numerous works more than 99% of the dissolved Fe (<0.2 μm) is bound by organic ligands throughout the world oceans (Croot and Johansson 2000; Rue and Bruland 1997; Van Den Berg 1995; Witter and Luther 1998; Wu and Luther 1995) . Hutchins et al. (1999b) concluded that the organic complexation of Fe increases the amount of dissolved Fe species and consequently its biological availability. However, the bioavailable differences of organically complexed and colloidal Fe is not well understood (Chen and Wang 2001; Hutchins et al. 1999a; Kuma et al. 2000) . The presence of siderophores and other Fe complexing ligands produced, or released via grazing or viral lysis, from phytoplankton, and bacteria may stabilize soluble Fe, increasing both the residence time and total pool size of bioavailable Fe in the surface ocean (Barbeau et al. 2001 (Barbeau et al. , 2003 . Recent studies have shown that a significant fraction of the dissolved Fe pool exists as colloidal Fe species (Bergquist et al. 2007; Nishioka et al. 2001; Wu et al. 2001 ) with dissolved Fe concentrations in the euphotic zone being dominated by the variability of the colloidal Fe fraction. The colloidal Fe variability in the NW Atlantic was suggested to be seasonally dependent with higher concentrations in the winter, than in the summer (Bergquist et al. 2007) .
Some fundamental issues that remain to be answered in the marine biogeochemistry of Fe are the extent to which organic binding agents increase Fe solubility and how those ligands prevent the formation of colloidal Fe in seawater. Until now only studies from Fe enrichment experiments have examined Fe ligand complexation and the formation of colloidal Fe (Boye et al. 2005; Wells 2003 ) with little attention paid to the overall solubility of Fe. Here we present a study that through the careful use of cross-flow ultrafiltration technique and theory outlines the impact of different ligands on Fe speciation and solubility.
Materials and procedures
Reagents-The impact of various different organic ligands on the speciation of Fe in seawater was carried out via crossflow filtration using the radioisotope, Fe had a specific activity of 157.6 MBq/mg Fe, a total activity of 75 MBq, and was dissolved in 0.51 mL of 0.1 M HCl.
55
Fe dilutions were produced with 18 MΩ deionized, ultrapure water and were acidified with quartz-distilled HCl (QD-HCl) to a pH below 2. The 7 ligands tested; desferrioxamine B (DFB), ethylenediaminetetraacetic acid (EDTA), 2-(2-thiazolylazo)-p-cresol (TAC), phytic acid (IP 6 ), protoporphyrin IX (PP IX), phytagel, and 2-keto-D-gluconic acid (2kDG) were obtained from Sigma-Aldrich. Ligand solutions were made up in 0.2 μm prefiltered Antarctic seawater (sampled during Eifex 2004 under trace metal clean conditions; total dissolved Fe concentration [Fe d = 0.2 nM]). Prior to use, this seawater was irradiated with UV light (UV-Digester 705 from Metrohm) for 75 min to destroy any organic compounds present. All labware used was soaked in 10M HCl for at least 7 d and then rinsed with ultrapure water prior to use.
Ultrafiltration setup and cleaning procedure-The ultrafiltration of Fe and ligand-containing solutions was carried out using a Masterfex(r) L/S(tm) system with a Vivaflow 50 membrane (10 kDa) constructed of PES (polyethersulfone) with an active membrane area of 50 cm 2 . The recirculation rate was set to approximately 300 mL/min, which typically gave a permeate flow rate of 5 mL/min. All ultrafiltration work was carried out using acid-cleaned polycarbonate (PC) container and polyethylene (PE) tubing. The Vivaflow 50 was precleaned by sequential rinsing with 100 mL Ultrapure water, 100 mL of a 1% solution of 6 M Q-HCl, a 100 mL EDTA wash solution (10 mM), and then finally a last rinse with 100 mL Ultrapure water to remove trace metal contamination. The ultrafilter could be reused several times following this procedure.
Fe measurements-
Fe in the various ultrafiltration fractions was quantified using a liquid scintillation counter (TriCarb 2900TR) from Packard and the cocktail Lumagel Plus (Lumac LSC). The efficiency (55%-60%) of the instrument was obtained by several quench curve calibration measurements. The lowest measurable Fe concentration (detection limit) was at 8.1 ± 1.5 pM, equivalent to 1 count per minute (CPM). The ultrafiltration setup (PC container, PE tubing, and 10 kDa membrane filter) was cleaned prior to each experiment with a sequence of two short washes (0.1 M Q-HCl followed by 10 mM EDTA) and a rinse with Ultrapure water.
Theory: cross-flow filtration-The theory for cross-flow filtration of solutes has been described in detail previously by other researchers in this field: Reitmeyer et al. (1996) , Guo et al. (2001) , and Hassellöv et al. (2007) . In general, the separation of Fe species by ultrafiltration can be represented as a simple mass balance in a closed system with a fixed total solution volume: (1) where c is the concentration of total Fe in the initial sample (i), the permeate (P) and the retentate (R), and V is the associated liquid volume. Since the colloidal fraction of Fe is too large to pass through the 10 kDa membrane filter, the difference between the concentrations of Fe in the retentate and permeate is the concentration of Fe that is colloidal: (2) The extent to which the feed solution has passed across the membrane filter may be described in terms of a concentration factor (CF), the volume ratio between the initial and retentate solution (Logan and Qing 1990; Reitmeyer et al. 1996): .
The colloid Fe concentration (c Col ) is then determined from the concentration of Fe in the permeate (c P ) and in the retentate (c R ) and CF: (4) At any given time of filtration, the relationship between the c c c CF
Schlosser and Croot Fe solubility by cross-flow filtration
concentration of a given chemical species in the instantaneous permeate (ic P ) outflow and the CF can be described by the following equation (Guo et al. 2001; Logan and Qing 1990) : (5) where P c is the permeation coefficient, defined as the ratio of ic P to c R at any given time during the filtration, where c i is the initial concentration of the permeable species in solution.
Under constant permeation behavior a plot of ln ic P versus ln CF will be linear with slope (1 -P c ). When P c = 1, the solute is not retained by the ultrafiltration membrane and ic P = c R at all values for the CF Lower values of P c indicate discrimination by the membrane of the filter either by size exclusion or by polarization effects. Note that this equation holds only for the instantaneous permeate concentration (ic P ) flowing out of the ultra filter and not the concentration (c P ) in the bottle collecting the permeate (see also Appendix 1). Colloidal fouling of cross-flow filtration membranes-Iron colloids are well known to cause fouling of ultrafiltration membranes (Soffer et al. 2004 (Soffer et al. , 2002 Waite et al. 1999) leading to a reduction of permeate flow. In studies of Fe solubility, this also presents a problem as colloidal Fe will be adsorbed on the filter membrane and not in the retentate, resulting in an apparent loss of Fe from the system when considering a simple mass balance. Thus it is crucial that a mass balance consider all aspects of the cross-flow filtration procedure.
Fouling occurs initially by the advection and deposition of colloids onto the membrane causing pore blockage and is dependent on the permeate flux, colloid size, and zeta potential (Soffer et al. 2004) . The rate at which the colloid is deposited on the membrane can be written as (adapted from Soffer et al. 2004 ): (6) where n uf is the number of moles of Fe deposited on the membrane, A is the area of the membrane, J is the permeate flux (L m -2 h -1 ), and J cr is the critical permeate flux (L m -2 h -1 ) below which no deposition can occur and is dependent on surface interactions.
Integration over time of Eq. 6 and assuming J is constant leads to a relationship between Fe accumulation on the filter and the permeate volume: (7) where β = (1 -J cr /J) is a unitless constant term (valid only for J > J cr ) relating the fraction of colloidal Fe lost to the filter, n uf°, is the amount of Fe deposited on the membrane prior to t = 0. The value of n uf is experimentally determined from the mass balance between permeate and retentate (n uf = c i V i -c R V R -c P V P ).
While it would be beneficial to keep the Fe adsorption on the filter to a minimum in practice, this may not be possible as the value of J cr will vary between samples, depending on the colloid content and composition and the required permeate flow may be too low for adequate sample throughput. Thus for our experimental work, we focused on evaluating this loss term and its impact on the mass balance for Fe in the system and not on the permeate flux rate that minimized this loss term.
Based on the theory outlined above for the present work we constructed a simple two species model, including fouling of the membrane, to analyze our results. The first Fe complex was allowed to pass through the filtration membrane whereas the second component was purely colloidal and retained. A full description of the model can be found in Appendix 1.
Conditional stability constants of iron-organic species estimated by solubility-For the experiments with well-characterized chelators, conditional stability constants for the complexation with Fe, in seawater, can be calculated using the following assumptions: ). The solubility of Fe(III) in seawater is given by the following equation: (11) The concentration of FeL in seawater can be calculated from the measured value by correcting for the contribution from inorganic Fe(III) species: (12) Thus in the absence of organic chelators we have the following relationship: (13) For our experimental solutions where colloidal Fe dominates, we can assume that the solution is saturated for Fe', and it is in turn controlled by the solubility of inorganic Fe formed under these conditions. Under the experimental conditions employed during the present work we find [Fe'] = [Fe(III)] NaCl 150 pmol L -1 (Liu and Millero 1999) for each ligand tested (adapted from Liu and Millero [2002] ). (14) which rearranges to the following equation derived from measured quantities: (15) In the case of an excess of strong Fe binding ligands, the Side reaction coefficient (α Fe' ) for Fe' in seawater-The value of the side reaction coefficient for Fe' relative to Fe(III) is critical for calculating conditional stability constants for Fe organic complexes and for determining the solubility of iron in seawater under different environmental conditions. Recently, there has been a consensus toward using α Fe′ = 10 10.0 (pH = 8.02, salinity 35) based on the earlier solubility work by Kuma et al. (1996) and Millero (1998) , complementing reactivity measurements by Hudson et al. (1992) . More recently, an extremely good data set covering a range of environmental conditions has been made using EDTA (Sunda and Huntsman 2003) and solubility measurements via filtration (Liu and Millero 1999, 2002) . What differences there are between experiments appear to be related to the age of the Fe colloids employed (Kuma et al. 1996; Sunda and Huntsman 2003) .
Experimental procedure-Experiments were performed (Table 1 ) using 7 different Fe-binding ligands in UV-treated, 0.2 μm filtered Antarctic seawater (Collected during EIFeX). A further set of experiments was performed using 0.2 μm filtered non-UV irradiated Antarctic seawater and coastal seawater (fjord seawater; Bergen, Norway). Initial volumes of 200 mL seawater were used throughout. In the ligand experiments, ligand concentrations in the solution were ~100 nM. Ligand solutions were allowed to equilibrate with seawater for 4 h before addition of 55 Fe (c tot = 60 nM in all, except for PP IX c tot = 40 nM). The Fe concentration was checked immediately after Fe addition (t = 0) and then again after the equilibration period of 24 h. Ultrafiltration of the sample was commenced at 24 h after the Fe addition.
Ultrafiltration of the seawater sample was performed under constant pressure and flow rate conditions. Samples were always collected from both the permeate and the retentate at each sampling period. Samples were taken based on the collected permeate volume, starting at 5 mL, 20 mL, and then every further 20 mL until 180 mL (corresponding to the CF range 1.03-10). For each of the permeate samples, the last 2 mL passing through the membrane filter was collected into 60 mL PTFE bottles and 20 μL of HCl was added to prevent the sorption of Fe onto the bottle walls. Triplicate 400 μL sub-samples of the retentate and permeate were transferred into 6 mL scintillation counting vials. The vials were then filled with 4.5 mL of cocktail and the 55 Fe activity measured by liquid scintillation counting. Atlantic sector of the Southern Ocean (Croot et al. 2004 ).
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Laboratory Studies - Rue and Bruland (1995) . Laboratory Studies - Witter et al. (2000) . 8 Calculated value for seawater based on laboratory studies (Torres et al. 2005) At the end of each ultrafiltration experiment, 40 mL ultrapure water acidified with a 1% solution of 6 M Q-HCl were flushed through the ultrafiltration system to desorb any Fe from the walls of the PC container, the PE tubing, and the membrane filter. The Fe concentrations in the permeate and in the retentate samples taken at 5 and 20 mL were then used for mass balance calculations.
A SenTix 81 combination pH electrode and WTW model 720 pH meter were used to determine the pH. The electrode was calibrated on the free hydrogen scale (pH F ) using TRIS seawater buffers (Millero 1986 ). All pH data reported here is based on the free hydrogen ion concentration scale and data from other pH scales was converted using the appropriate algorithms (Dickson and Goyet 1994) . (Table 1) was similar to that recently observed by Fischer et al. (2007) and in earlier work by Robertson (1968) . Only with the strong complexing agent DFB was no wall sorption effect observed. All other Fe ligands tested and natural seawater solutions resulted in a strong decrease (20%-40%) of Thus wall sorption appears to be unavoidable with solutions saturated for Fe' and needs to be considered carefully in the experimental procedure. For undersaturated solutions, such as with DFB in the present work and in the case of some natural seawaters, this wall adsorption affect may be not significant. This result also has implications for voltammetric studies in which high concentrations of added ligand concentrations (e.g., 10 μM TAC: Croot and Johansson 2000) should minimize wall adsorption for iron speciation studies.
Assessment
Permeation coefficients for soluble Fe species-The permeation behavior of selected soluble Fe species are shown in Fig. 2 . A frequent observation was that initially the permeation behavior varied at low CF values (Fig. 2) . However at CF > 1.2 (ln CF > 0.2), constant permeation behavior was observed in all experiments. The initial variation in permeation behavior differed between natural seawater samples (slightly higher initial permeation) and ligand-amended UV seawater (reduced initial permeation) and was possibly related to adsorption of the permeable Fe species and/or permeable ligands to the outlet tubing. Calculated values of P c for the different Fe species, excepting Phytagel (Table 1) , ranged from 0.58 for UV-irradiated Antarctic seawater to 1 for Fe-EDTA, with most in the range 0.88-1.0, indicating that soluble organic Fe species were only weakly retained by the 10 kDa filter used in this study. In contrast soluble inorganic Fe species were strongly retained by the 10 kDa filter (P c = 0.58) possibly by interaction with weak binding sites on the filter itself. Data for Phytagel (not shown) indicated a decrease in permeation of the soluble Fe species with increasing CF leading to an estimated P c > 1, this was probably due to blocking of the ultrafiltration membrane by the high molecular weight Phytagel as evidenced by increases in the observed pressure across the membrane.
Colloidal iron loss on the membrane-Colloidal Fe concentrations (Fig. 3 ) calculated using Eq. 4 exhibited significant decreases with increasing CF. This result indicates that there is an appreciable loss of the colloidal Fe during the process of ultrafiltration as has been observed for other ultrafiltration systems (Wells 2003) . Consideration of the mass balance for the ultrafiltration procedure indicated that this loss of colloidal Fe is due to adsorption to the filter membrane (Fig. 4) , which was also confirmed by later recovery of 55 Fe into the permeate by acidification (see below). For samples that were saturated with respect to Fe' formation, at CF = 10, approximately 50% (equivalent to 6 nmol) of total Fe was adsorbed on the filter. The overall loss of colloidal Fe (n Fil [mol] ) adsorbed on the membrane filter was linearly dependent on the volume of permeate (Fig. 4) that passed through the filter as expected for both saturated and unsaturated solutions (Eq. 7 above).
Comparison of the Fe adsorbed to the filter (for V p = 180 mL) and the initial colloidal Fe concentration ( For saturated solutions approximately 20%-40% of the Fe was lost to the walls of the sample container. Only for the undersaturated solution containing DFB was there no apparent wall adsorption effect. . This result implies that with a slower permeate flux value than used in the present work, we would expect less retention of colloidal iron on the filter. However, this finding ignores the link between recirculation rate and the permeate flux, and in our preliminary work, we found that slowing the recirculation rate to reduce the permeate flux did not enhance recovery. We had also anticipated that the linear relationship predicted from Eq. 7 should break down at higher CF as c R increases due to the retention of colloidal Fe, but for the range of CF surveyed here, we did not observe this phenomenon.
Overall mass balance and recovery of adsorbed iron-To complete mass balance calculations and to ensure complete recovery of the 55 Fe tracer, the ultrafiltration system was rinsed with a dilute QD-HCl rinse with subsequent analysis of the permeate and retentate. Typically, we observed that after addition of the acid solution, initial measurements showed ic P > c R , indicating there had been some Fe adsorbed to materials downstream of the filter membrane, presumably on the tubing walls. This may be partly the reason for the lower ic P values encountered at low CF with unacidified seawater solutions. However, for all later measurements ic P = c R indicating that all the Fe was solubilized at this low pH. Calculated overall mass balances, incorporating a 40 mL dilute QD-HCl rinse (Fig. 6) showed complete recovery (98 ± 4%, n = 3) of the added 
Discussion
Calculation of "true" colloidal iron concentrations-Implicit in the calculation of c Col (Eq. 4) are the following assumptions: (i) that there is no retention of the permeable species (P c = 1) and (ii) that no Fe is lost from the solution phase within the ultrafiltration system. As detailed above, both of these assumptions are not always valid for the ultrafiltration of soluble Fe species. However the true colloidal Fe concentration (c`c ol ) can be calculated by completing the mass balance throughout the sampling procedure: (17a) or alternatively in terms of CF (17b) As the n uf is derived from mass balance considerations, Eq. 17b can be converted into a form that is dependent only on directly measured quantities. (18) Values of c`c ol calculated using Eq.18 (Table 1 and Fig. 7) show that after CF ≥ 2 a constant value for almost all samples. 2kDG and UV-irradiated Antarctic seawater presented the Solubility of iron-complexes in seawater-Iron was poorly soluble in UV-irradiated Antarctic seawater (ic P ≈ 0.15 nM) in good agreement with other recent solubility studies performed with conventional filtration systems in UV-irradiated seawater (Kuma et al. 1998a (Kuma et al. , 1992b (Kuma et al. , 1996 Liu and Millero 2002) and in NaCl solutions (Liu and Millero 1999) . Interestingly, ic P increased with increasing CF (P c = 0.58), which may indicate that one or more of the inorganic hydrolyzed Fe species is discriminated against by interaction with the filtration membrane, possibly via polarization/charge effects.
Natural seawater (Antarctic and Coastal seawater) had significantly more soluble Fe (ic P ≈ 6 nM) than UVSW and in both samples ic P increased with increasing CF (P c = 0.92 and 0.96 respectively) indicating small but significant retention effects on the soluble Fe species in these samples. This is an important finding because it indicates that accurate determination of the soluble Fe concentration in a sample is dependent on making multiple measurements of ic P as a function of CF as a single measurement does not provide any information on P c . The natural seawater Fe solubility values measured here are comparable to earlier studies (Kuma et al. 1998a (Kuma et al. , 1998b (Kuma et al. , 1996 in which nM levels were found in coastal and open ocean seawaters. Additionally, the apparent ligand concentrations measured in the Antarctic seawater (5.4 nM) were higher than maximal solubility (Eq. 16) values (1-3 nM) calculated from published speciation parameters in the same region by voltammetric methods (Boye et al. 2005 (Boye et al. , 2001 Croot et al. 2004; Croot and Johansson 2000) . This difference between actual solubility and the predicted values is probably in part related to the detection window used for voltammetric analysis, which would preclude weaker Fe-binding ligands (Croot and Johansson 2000) . It is clear that more detailed work using both chemical and physical methods on the same samples is still required.
DFB is a hydroxamate siderophore, which forms strong complexes with Fe(III) (Schwarzenbach and Schwarzenbach 1963) even under ambient seawater conditions (Hudson et al. 1992) . Due to its high-binding strength, DFB is frequently used to limit the bioavailability of Fe to phytoplankton in experimental studies (Hutchins et al. 1999a; Wells 1999) . In the present work, DFB strongly enhanced the Fe solubility (c P = 53 nM) and limited the formation of colloidal Fe (c`c ol = 5 nM). For DFB, P c = 0.97, indicating that there was some small discrimination by the filter membrane for this soluble species. In an earlier study, it was found that only 50% of the FeHDFB+ (MW = 803) species was found to pass through a 1 kDa membrane at pH 4.8 (Batinic-Haberle et al. 1994) . Furthermore these authors found that FeHDFB+ could form higher MW complexes with micelles at concentrations above the critical micelle concentration. While the colloidal concentration would have been expected to be near zero with DFB, as the solution was undersaturated with respect to Fe', it does appear that some of the 55 Fe was retained in the colloidal phase, though this colloidal Fe may still have been associated with DFB. As the DFB solution was undersaturated, it was only possible to estimate a lower bound for log K for this complex in seawater (Table 1) .
The speciation of Fe-EDTA complexes in seawater is well described (Gerringa et al. 2000; Hudson et al. 1992; Sunda and Huntsman 2003) (Table 1) . In the present work we found that 100 nM EDTA maintained ~12 nM in the soluble phase and that there was effectively no retention effect on these soluble complexes (P c = 1.00). Estimates of the conditional stability constant (Table 1) for the soluble Fe-EDTA complexes (log K Fe'L ' = 9.0) were significantly higher than predicted values (overall log K Fe'L ' = 7.9). An earlier study by Sunda and Huntsman (2003) , using a solid phase extraction (SPE) technique to determine soluble Fe-EDTA species, found good agreement with values predicted by Hudson et al. (1992) . As equilibration times were the same in both studies, the reasons for the apparent discrepancy between our results and those of Sunda and Huntsman (2003) may be due to the experimental setups. This could indicate that the presence of EDTA in solution has some effect on the size range of the Fe colloids formed (see also phytic acid below) by adsorbing to the surface and preventing further aggregation (Nowack and Sigg 1996) . Such colloids may have been retained by the SPE technique employed by Sunda and Huntsman but passed through our ultrafiltration system. The photolysis of Fe-EDTA complexes to form Fe(II) (Kari et al. 1995; Sunda and Huntsman 2003) may also play role here in maintaining a fresh source of small Fe colloids that passed through the ultrafilter. Further studies on the solubility of Fe-EDTA complexes are currently being pursued.
TAC is from the family of thiazolylazo compounds (Hovind 1975) that are known to form relatively strong Fe complexes. TAC is used as a reagent in voltammetric analysis for Fe speciation in seawater (Croot and Johansson 2000) . In the solubility experiments that we conducted with 100 nM TAC we found 16 nM in the soluble phase (P c = 0.99). This result is slightly higher than we had anticipated given the published estimated conditional stability constant for seawater: log β Fe'(TAC)2 = 12.4 (Croot and Johansson 2000) . However, this high solubility may indicate the presence of a strong 1:1 Fe-TAC species that was not anticipated in Croot and Johansson (2000) .
PP IX has previously been found to be a strong Fe chelator by voltammetric studies (Rue and Bruland 1995; Witter and Luther 1998 ) though more recently this has been bought into question by photochemical (Rijkenberg et al. 2006 ) and bioavailability studies (Sato et al. 2007 ). In the present work, we find little evidence supporting PP IX as a strong Fe chelator in seawater as 100 nM of this ligand was only able to maintain ~2.5 nM in solution. The apparent discrepancy between the earlier voltammetric measurements and later measurements may be due to either an insufficient equilibration time (Rue and Bruland 1995) , as suggested by van Leeuwen and Town (2005) , or the lower pH (6.9) used in the Witter et al. (2000) study.
Phytic acid (myo-insitol hexakisphosphate) is a major component of eukaryotic cells and has been suggested to be capable of forming strong Fe complexes in seawater (Witter et al. 2000) . In the present study, phytic acid was found to be a relatively weak Fe ligand complexing only ~6 nM Fe under the conditions employed here. Recently published thermodynamic data (Torres et al. 2005) (FFF) showed that solutions of Fe and phytic acid at pH 7 formed complexes/colloids in the size range 1-500 kDa in size (Purawatt et al. 2007 ). Higher concentration ratios of phytic acid to Fe shifted the mean colloid size to lower molecular weights (Purawatt et al. 2007 ). This behavior is probably related to the ability of the phosphate groups present in phytic acid to act as bridging groups between Fe colloids (Mali et al. 2006) . The case of phytic acid then adds a new twist to the Fe solubility story as it apparently has an important role to play in stabilizing colloidal Fe but does not directly form soluble Fe.
The ligand 2kDG is a natural product of glucose oxidation and has been suggested as an important component of trace metal binding in soils . Related compounds to 2kDG have been implicated in the production of Fe(II) in seawater through photochemical reduction of the Fe-carboxylic complex (Kuma et al. 1995 (Kuma et al. , 1992a Öztürk et al. 2004) . In this study, we found only a small enhancement in soluble Fe with 2kDG (c P ≈ 2nM). Analysis of recent complexation data for 2kDG indicate that it would not be expected to retain Fe in solution under seawater conditions due to the strong interactions with Ca 2+ . Phytagel (Gellan Gum; Miyoshi et al. 1996; Nishinari 1999 ) is a sugar-like macromolecule with a mean molecular weight of ~490 kDa (Milas et al. 1990 ) and has been found previously to bind Th(IV) (Quigley et al. 2002) in seawater. Thus we anticipated only a trace amount of 55 Fe would pass through the membrane, due to the high molar mass of the ligand, however we surprisingly measured a high concentration (c P = 9.54 nM). This apparent discrepancy may be due to the ability of some of the long chained molecules being able to pass through the membrane as coils (Nakajima et al. 1996) and transport Fe with it. However clogging of the membrane filter by the large phytagel molecules was also an issue here, and this greatly reduced the permeate flow rate and concentration with time.
Implications for ultrafiltration of natural seawater solutionsThe results found here have strong implications for the ultrafiltration of natural seawater solutions for the determination of soluble and colloidal Fe without the use of radio-isotopes. The analysis of the retentate and permeate fluxes can be achieved with other methods for stable Fe; such as chemiluminescence (Croot and Laan 2002; Obata et al. 1993) or ICP-MS techniques (Saito and Schneider 2006; Wu 2007) . It is clear that in seawater samples with considerable colloidal concentrations there will be retention of these species on the filter membrane and walls. These species are recoverable with a later acid or combined dilute acid/DFB rinse and can be corrected for in the overall mass balance. A potential problem here is the contribution of Fe from the filter apparatus itself, from our preliminary studies on this, we have found that an EDTA, DTPA, or DFB solution in ultra-pure water passed through the system before the sample reduced the blank to very low levels (<30 pM -our detection limit with FIA-chemiluminscence [Obata et al. 1993] ). The use of strong acids should be avoided as much as possible as in our experience this apparently leaches Fe out of the plastic walls.
If the solution is undersaturated, as most natural samples from the open ocean would be expected to be, the problems of wall adsorption should be minimized greatly simplifying the analytical procedures. However, it is critical that measurements (for mass balance purposes) be made as a function of the CF in both the retentate and permeate and that a recovery rinse be employed. We have recently employed a combined Vivaflow-50 and FIA-chemiluminscence system on several cruises in the Atlantic with reasonably good success (Croot et al. in prep.) . The only major problem we have encountered so far has been from insufficient cleaning of ultrafilters overloaded with colloidal material (e.g., Saharan dust, Colloidal Fe from iron enrichment experiments).
Overall performance of cross-flow filtration system-The overall performance of this cross-flow filtration system for Fe measurements was particularly good as sample processing times were relatively short compared with other cross-flow filtration systems currently available, and the system was easily manageable for a single operator. The problem of colloidal Fe loss on the filter and walls of the system is common to all such ultrafiltration methods but good mass balances can be obtained by employing a recovery rinse as used in this study and by monitoring both the retentate and permeate flow over time. Our results strongly suggest that ultrafilters should not be used in a single pass mode, but instead only be used in the normal recirculation mode, as critical information would otherwise be lost. While this does significantly increase the processing time compared with conventional filtration systems, it does provide valuable checks and balances on the behavior of the system being investigated. We also suggest that these filters can be extensively reused provided attention is paid to the use of recovery and cleaning solutions.
Conclusions and recommendations
Our work has shown that good mass balances for Fe can be obtained using a cross-flow filtration system when employing a final rinse to recover Fe adsorbed to the filter membrane. It is also very important to monitor both the retentate and permeate fluxes as a function of CF to determine P c for the solution as soluble Fe may also be partially retained by the filter. We conclude that cross-flow filtration systems such as the one employed in our study can provide valuable information on colloidal and soluble Fe in the ocean. Furthermore, we recommend future studies should concentrate on examining the relationship between solubility and iron speciation in the colloidal and soluble phases through the careful use of ultrafiltration techniques such as we describe here.
